Understanding the entry of autoreactive T cells to their target organ is important in autoimmunity because this entry initiates the inflammatory process. Here, the events that lead to specific localization of diabetogenic CD4 T cells into islets of Langerhans resulting in diabetes were examined. This was evaluated in two models, one in which T cells specific for a hen-egg white lysozyme (HEL) peptide were injected into mice expressing HEL on β cells and the other using T cells in the nonobese diabetic mouse strain, which develops spontaneous diabetes. Only T cells specific for β-cell antigens localized in islets within the first hours after their injection and were found adherent to intraislet dendritic cells (DCs). DCs surrounded blood vessels with dendrites reaching into the vessels. Localization of antigen-specific T cells did not require chemokine receptor signaling but involved class II histocompatibility and intercellular adhesion molecule 1 molecules. We found no evidence for nonspecific localization of CD4 T cells into normal noninflamed islets. Thus, the anatomy of the islet of Langerhans permits the specific localization of diabetogenic T cells at a time when there is no inflammation in the islets.
Understanding the entry of autoreactive T cells to their target organ is important in autoimmunity because this entry initiates the inflammatory process. Here, the events that lead to specific localization of diabetogenic CD4 T cells into islets of Langerhans resulting in diabetes were examined. This was evaluated in two models, one in which T cells specific for a hen-egg white lysozyme (HEL) peptide were injected into mice expressing HEL on β cells and the other using T cells in the nonobese diabetic mouse strain, which develops spontaneous diabetes. Only T cells specific for β-cell antigens localized in islets within the first hours after their injection and were found adherent to intraislet dendritic cells (DCs). DCs surrounded blood vessels with dendrites reaching into the vessels. Localization of antigen-specific T cells did not require chemokine receptor signaling but involved class II histocompatibility and intercellular adhesion molecule 1 molecules. We found no evidence for nonspecific localization of CD4 T cells into normal noninflamed islets. Thus, the anatomy of the islet of Langerhans permits the specific localization of diabetogenic T cells at a time when there is no inflammation in the islets.
T-cell migration | type 1 diabetes T he molecular basis and mechanisms involved in the spontaneous physiological migration of lymphocytes into lymph node and other sites are well understood (1) (2) (3) . In contrast, the cellular events that lead lymphocytes to enter tissues bearing their cognate antigen are still to be fully identified. The site of entry of the cells, the specificity of their initial interactions, and whether there is random entry and/or retention, as well as the events that follow entry, are issues that need consideration. These events may vary depending on the anatomical features of the organ, the network of antigen-presenting cells (APCs), the state of the disease, and the controlling mechanisms of the disease, for examples. The entrance of autoreactive T cells to their target organ is particularly important because it initiates the autoimmune disease. These events have been examined mainly in the case of central nervous system autoimmunity (4) . Entrance of T cells into the brain was shown, particularly following inflammation (5) (6) (7) . Their retention depended on the class II MHC molecules bearing APCs (8) (9) (10) . Once specific T cells were in play, they dictated the migration of nonspecific T cells (7, (9) (10) (11) .
We examine here the early migratory events in autoimmune diabetes, focusing exclusively on the early time points preceding β-cell destruction. The islets of Langerhans is a relatively easy tissue to sample, wherein the target, the β cell, is well defined anatomically and the parameters of cellular migration and tissue responses can be probed with confidence. Recent studies posited a specific accumulation of diabetogenic T cells in islets several weeks after their injection (12) . How diabetogenic CD4 T cells enter islets of Langerhans to initiate the diabetic process and the possible role of intraislet APCs need to be evaluated, however.
In a previous study, we confirmed that normal islets contained APCs with features of dendritic cells (DCs) (13) . One important feature was their very high content of peptide-MHC complexes derived from β-cell proteins in a process unrelated to β-cell death. These DCs were highly effective in presenting β-cell antigens to diabetogenic CD4 T cells ex vivo (13) (14) (15) . It is also known that the lymph nodes draining the pancreas contain APC-bearing β-cell antigens (16, 17) and are essential for the initiation of diabetes and the priming of CD4 T cells (i.e., diabetogenic CD4 T cells). Mice lacking the pancreatic nodes developed diabetes if the diabetogenic T cells were activated before transfer (18, 19) , however, indicating that the pancreas is receptive to diabetogenic T cells. Here, we show that the islet DCs are in tight contact with the islet vessels, even to the point of extending their dendrites into the lumen. These DCs mediate the localization of specific CD4 diabetogenic T cells. In the companion paper in PNAS (20) , we find that the specific localization initiates a number of rapid changes in gene expression and protein display in the intraislet vessels as well as in the β cell itself.
Results
Diabetogenic CD4 T Cells Specifically Localize in Islets. The experiments centered on the early stages of CD4 T-cell migration into islets preceding diabetes. We examined whether the migration and trapping of T cells were antigen-specific and depended on antigen presentation by islet cells. Our studies included two experimental systems, H-2 k mice expressing membrane hen-egg white lysozyme (HEL) in β cells under the rat insulin promoter (IP) (21, 22) and the diabetes-susceptible nonobese diabetic (NOD) mice (23) . For the former, the transferred cells were from the T-cell receptor (TCR) transgenic mice 3A9, directed to a dominant peptide of HEL presented by the class II MHC molecule I-A k ; the recipients were either IP-HEL mice or mice that did not express HEL, which served as controls (B10.BR). The use of the IP-HEL mice allowed us to examine the issue of specificity by comparing localization of T cells into islets expressing or not expressing HEL. For the NOD mice, the BDC2.5 (BDC) TCR transgenic mouse was used. The BDC CD4 T cell recognizes a β-cell antigen presented by I-A g7 molecules (24) ; the recipient mice were NOD Rag1 −/− . The transfer of the anti-HEL CD4 T cells (3A9) into sublethally irradiated IP-HEL mice or of BDC CD4 T cells into nonirradiated NOD Rag1 −/− mice caused diabetes starting several days later, depending on the number of cells transferred (25) .
We took advantage of these experimental models to examine whether there is specific localization of CD4 T cells into islets of Langerhans and, if so, the mechanisms involved in such a process. Our studies examined islets of Langerhans from a few hours up to 72 h after the T-cell transfer (a critical period preceding the autoimmune reaction) at a time when T cells were not proliferating. The quantitative estimates were done only on isolated islets by examining 50-100 of them microscopically. In frozen sections of the whole pancreas, the T cells were also localized inside the islet between 1 and 12 h after transfer, but it was not possible to perform precise quantitation using tissue sections. All the experiments used recipient mice lacking lymphocytes (either sublethally irradiated or Rag1 −/− mice); such mice developed diabetes after cell transfer in the absence of putative control mechanisms that may exist in the course of normal diabeto- genesis. This approach allowed us to probe the basic mechanism without superimposed events. Activated 3A9 CD4 T cells rapidly localized to the islets of sublethally irradiated IP-HEL mice. T-cell entry was first observed at 1 h, increasing progressively with time ( Fig. 1A and Table 1 ). T cells were not found in the stroma at the time of their first identification in islets (Table S1 ). The same number of 3A9 TCR transgenic T cells transferred into IP-HEL did not localize to the islets of IP-HEL mice. To exclude effects of sublethal irradiation, activated 3A9 T cells were transferred into nonirradiated IP-HEL mice and found to be equally distributed as seen in sublethally irradiated recipients. Activated 3A9 T cells were not detected in the islets of sublethally irradiated B10.BR mice; that is, nonspecific localization was not observed at any time point (Fig. 1A) . In other experiments, islets from mice injected with Con A did not contain activated T cells at a time when these were abundant in the circulation. Thus, the localization of the T cells depended on their activation status as well as on the presence of their cognate antigen, HEL, in the islets.
In experiments using NOD Rag1 −/− mice, activated BDC T cells localized to the pancreas shortly after their injection ( Fig. 1B and Table 1 ). Unstimulated BDC T cells were not detected until 72 h and only in 20% of islets (Fig. 1B) . Evaluation for the presence of the memory T cells in the unstimulated transfer showed that about 15-20% of the BDC clonotype CD4 T cells contained low levels of CD45RB and high levels of CD44 and leukocyte function-associated antigen-1 (LFA), which is the phenotypic characteristic of memory T cells (26) . This highly indicates that a subset of the diabetogenic T cells have already encountered its antigen in the donor BDC mouse. In a control experiment, the CD4 T cells from B6. g7 either nonactivated or in vitro activated with Con A did not localize in the islets or pancreatic stroma when injected into NOD Rag1 −/− mice. B6.g7 mice lack diabetogenic CD4 T cells. Activated BDC T cells did not localize to islets of NOD MHC class II-de-
] mice (0%) but localized to islets of NOD MHC class II-sufficient mice (about 50% of islets contained T cells) ( Fig. 1 C and D) . In both the HEL and NOD systems, treatment of the diabetogenic T cells with pertussis toxin had no effect whatsoever, implying that signaling by chemokines was not involved in the localization (data shown in the companion paper, ref. 20) .
The localization of BDC T cells into the islet was not related to homeostatic expansion because their transfer into immunocompetent NOD male mice also showed equal localization compared with that found in NOD Rag1 −/− mice. Divisions in the activated diabetogenic T cells labeled with the dye carboxy-fluorescein diacetate succinimidyl ester (CFSE), were not found (i.e., there was no reduction in CFSE in cells that localized to the islets).
Anti-Class II MHC and Anti-ICAM-1 mAbs Reduce CD4 T-Cell Localization.
The specific localization of diabetogenic T cells suggested a role for antigen-specific TCR engagement of class II MHC molecules. The only cells in noninflamed islets bearing class II MHC molecules were the intraislet APCs; neither β cells nor endothelial cells were positive (13) . The localization of CD4 T cells was consistently inhibited, albeit partially, by prior injection of mAb against class II MHC molecules. The reduction was specific; that is, anti-I-A k but not anti-I-A g7 affected the localization of 3A9 T cells into IP-HEL islets, whereas the reverse was true for the entry of BDC T cells into NOD Rag1 −/− islets. Six independent experiments showed localization of 3A9 T cells after 24 h in 69% and 68% of islets in untreated mice and in mice injected with nonspecific mAb (anti-I-A g7 ), respectively ( Fig. 2 A and B and Table S2 ). The administration of the specific mAb (anti-I-A k ) partially reduced the localization to 33% of the islets (Fig. 2 A and B and Table S2 ), however. By 48 h, the islets were infiltrated equally and the difference in the number of T cells per islet was not statistically significant ( Fig. 2B and Table S2 ). Increasing the number of injections of anti-class II MHC mAb (1 d before T-cell transfer and 1 day after) gave the same results.
The localization of BDC T cells after 48 h was affected by the administration of the mAb to I- Table S3) . By 72 h, all groups showed the same extent of T-cell infiltration (91-99%) ( Fig. 2D and Table S3 ).
The partial inhibition of CD4 T-cell entry into the islet by class II MHC mAb suggested other contributing factors, such as a role for adhesion molecules. The vessels of the islets were weakly positive for intercellular adhesion molecule 1 (ICAM-1), strongly positive for platelet endothelial cell adhesion molecule 1 (PECAM-1), and negative for vascular cell adhesion molecule-1 and P-selectin (13) . Administering a blocking mAb to PECAM-1 did not affect T-cell localization into islets; however, a blocking mAb to ICAM-1 partially reduced the localization of activated 3A9 T cells transferred into IP-HEL mice to 41% at 24 h from control rat IgG of 71% ( Fig.  3 A and B) and to 78% by 48 h from control rat IgG of 98% (median of 17 and 33 T cells per infiltrated islet, respectively). Flow cytometry analysis of the T cells showed that 97% expressed LFA-1, the ligand of ICAM-1. When a combination of anti-class II MHC and anti-ICAM-1 was administered, the partial inhibition of localization was not enhanced (Fig. 3 A and B) .
Activated BDC T cells were transferred into sublethally irradiated NOD.ICAM-1 +/+ or NOD.ICAM-1 −/− mice (27) that received either anti-I-A k or anti-I-A g7 mAb ( Fig. 3 C and D) . Localization was slightly reduced in the ICAM-1 −/− mice compared with that found in the control islets at 48 h after T-cell transfer. The best effects were found when the NOD.ICAM-1 −/− mice were treated with anti-I-A (Fig. 3 C and D) . In sum, T cells localized specifically to islets containing their antigen and the localization was partially inhibited by antibodies to class II MHC molecules and ICAM-1. The partial inhibition could well be explained by the very rapid amplification reactions that take place in the islet as soon as there is T-cell entry, an issue discussed in the companion paper (20) . Not surprisingly, because the reduction in T-cell entry was only partial, injecting anti-class II MHC mAbs did not affect diabetes development. Diabetes was delayed by 3-5 d when activated BDC T cells were transferred into sublethally irradiated NOD.ICAM-1 −/− mice treated with the anti-I-A g7 mAb (100% of control NOD.ICAM-1 +/+ mice plus anti-IA k mAb treatment developed diabetes at day 9 after cell transfer, whereas NOD.ICAM-1 −/− mice treated with the anti-I-A g7 developed diabetes by day 12 and 100% incidence by day 15 after cell transfer).
Islet DCs Have Direct Access to the Lumen of the Vessel and Are Found in Contact with Specific Infiltrating CD4 T Cells. Islets were analyzed by two-photon microscopy mostly in the HEL system, wherein B10.BR mice always served as controls. In 3D reconstruction analysis, about 50% of 3A9 T cells in islets from IP-HEL mice were in tight contact with DCs, with an average contact time of 7.4 min (Fig. 4) . By the last points of observation (10-15 min), 39% of the T cell-DC interactions were still stable. The prolonged T cell-DC interaction of 3A9 cells is compatible with the finding that the cognate antigen for the former is present in the islet DCs.
[In lymph nodes, the T cell-DC interaction in the absence of antigen had a mean duration of 3.4 min and did not extend for more than 10 min. In the presence of antigen, contact durations ranged from 8 to 20 min, with some lasting for more than 1 h (28).] DCs in explanted islets moved closely around blood vessels while having an adhesion point in the vessel wall, extending and retracting their dendrites. (So as not to use mAbs, which could affect DC mobility, these experiments used C57BL/6 mice expressing YFP under the Cd11c promoter. Blood vessels were stained for PECAM-1). The area of physical contact was evident as fluorescence colocalization (Fig. 5A) . Analysis of captured 3D images (1.5-μm z-steps) or by confocal microscopy allowed the visualization of DCs. The majority were in direct contact with the blood vessels with their dendrites embedded within the vessel. In about one-third of them, dendrites extended into the lumen of the vessel (i.e., "periscope" function) through the endothelium (Fig. 5 B and C) .
To examine whether the islet DCs next to blood vessels were instrumental in localization, we used anti-class II mAb-coated fluorescent beads (anti-I-A k or anti-I-A g7 ) administered via tail vein injection into B10.BR, B6.g7, or NOD mice. At 30-60 min after fluorescent bead injection, isolated islets from B10.BR recipient mice (I-A k background) showed ∼90% of the islets containing the fluorescent beads coated with anti-class II I-A k mAb, whereas B6.g7 and NOD mice (I-A g7 background) contained ∼14% and ∼10%, respectively (from three independent experiments). The number of beads localizing specifically was much higher, as noted in Fig. 5D . Parallel results were obtained when anti-I-A g7 mAb-coated fluorescent beads were transferred into B6.g7, NOD, and B10.BR recipients (∼63%, ∼60%, and ∼30%, respectively) (Fig. 5D , taken from three independent experiments). Importantly, localization of the anti-class II mAb-coated beads was restricted to the vessels, and most were found at the vessel wall next to a DC (Fig. 5E ).
Discussion
Using a procedure in which the migration of CD4 T cells to islets of Langerhans was determined within the first hours after their injection, we proved the specificity of their localization and examined the mechanisms of such a process: Localization of diabetogenic CD4 T cells was a relatively fast event that depended on the state of activation of the diabetogenic T cells. The islet DC network bearing the peptide-MHC complexes from β cells guided the entrance in a process partially dependent on class II [not significant (ns)]; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
MHC and ICAM-1 molecules. Thus, the anatomical features of islets allow for the specific localization of diabetogenic CD4 T cells, the step preceding the inflammatory response that leads to beta cell demise. The islet DCs were central in the localization of diabetogenic T cells. Over 90% of intraislet DCs were heavily charged with peptide-MHC complexes involving HEL peptides or peptides derived from β cells in a constitutive process that involved neither an obvious death cell program nor prior inflammation (13, 14) . Most of the islet DCs were in intimate contact with the vessels, and, surprisingly, many extruded their fine ramifications into the vessel wall, most likely through the endothelial fenestrae. Precedents of DC dendrites penetrating epithelial and vascular beds were described in the intestine as a mechanism of immune surveillance allowing the DCs to sample lumen bacteria through the epithelium (29) (30) (31) . Airway intraepithelial DCs have been shown to extend projections into the airway lumen (32) , and it has recently been reported that aortic resident DCs can capture blood antigen by periscoping and then present it to circulating leukocytes that can induce vessel wall inflammation (33) . The finding that circulating beads bearing anticlass II antibodies localized preferentially to islets bearing the correct class II specificity and always at the vessel wall argues strongly for a role of the DC in fostering the localization of the diabetogenic T cells. It is important to note that the circulation of the islets is sluggish and intermittent. Only a few vessels are opened at one time (34, 35) , a feature conducive to initial interactions in the vessel lumen. One could posit that T cells enter islets at random and then either escape back into circulation or are retained, depending on whether they engage the antigen-bearing DC. This last process would require a very fast turnover of this putative cycle of entrance and exit of T cells, which we have failed to substantiate. A scenario of random nonspecific entry and trapping of only those T cells with specific TCRs was described in the experimental autoimmune encephalomyelitis models (7, 10, 36, 37) , however.
Finally, the evidence points to the fact that the localization of T cells was directly into islets from the circulation without a stop in the periislet areas. The question is raised because there is initial infiltration of leukocytes surrounding the islets without apparent effect on β cells in the very early stages of diabetogenesis; this is followed by an aggressive phase with inflammation (22, 38, 39) . Whether the periislet lymphocytes initiated this aggressive stage or it resulted from activated T cells entering from blood is not known.
We previously showed that most of the intraislet DCs, over 90%, were heavily charged with peptide-MHC complexes involving HEL peptides or peptides derived from β cells in a constitutive process that involved neither an obvious death cell program nor prior inflammation (13, 14) . Our interpretation is that some of the islet DCs with their high content of peptide-MHC complexes from β cells migrate from islets into the stroma and then through the lymphatics to finally drain into the peripancreatic lymph node, where sensitization of T cells takes place (16, 17) . There is compelling evidence that the draining pancreatic lymph node is the site of recruitment and activation of the T cells but that activated diabetogenic T cells can cause diabetes in mice lacking lymph nodes (18, 19) . These findings are supported by the present experiments in which the localization of diabetogenic CD4 T cells required a brief activation ex vivo, whereas the localization of the same but nonactivated cells was limited, perhaps requiring further priming in vivo. At this time, we do not have an explanation, but a likely one may be the level of adhesion molecules, such as LFA-1, and/or TCR expression. A previous report by Lennon et al. (12) analyzed the infiltrating CD4 T cells but at 4.5-6.5 wk after injection of their transduced bone marrow. This long time interval did not allow the examination of entry mechanisms, while making the time of evaluation more complex because of (i) the unknown diabetogenic status of the mice and (ii) the proliferative advantage of specific T cells that entered the islets and encountered their specific antigen over the nonspecific clones that never encountered their antigen. In that report, TCR specificity for islet antigens was the sole key factor dictating entry (12) . With regard to the CD8 T cells, the migration into islets was examined by others (40) , particularly by Chervonsky and colleagues (41) . With one clone, they showed notable differences from the diabetogenic CD4 T cells. The CD8 T cells required MHC class I expression attributed to the endothelium and a chemokine response (pertussis toxin treatment abolished specific CD8 + T-cell entry) as well as IFN-γ for extravasation of the T cell into the islet milieu (41, 42) . Both sets of T cells (CD4 and CD8) share some common pathways in the pathogenesis of the disease.
Understanding how various cells localize to the islets, interact, or influence each other; the factors that contribute to their localization/retention; and the signals that are triggered in the islet milieu will all need to be placed in the perspective of the normal diabetogenic process. Our studies provide a baseline to examine these variables. The development of therapeutics that can modulate the islet localization of diabetogenic T cells may provide the means to control this autoimmune disease.
Materials and Methods
Mice. B10.BR mice, B10.BR.RIP-mHEL (IP-HEL) mice (21, 22) , C57BL/6 mice expressing YFP under the CD11c promoter (CD11c-YFP) (43), NOD mice, BDC TCR transgenic mice on the NOD background, B6.g7 mice, and 3A9 mice were bred at our facility. NOD on the Rag1 −/− (NOD Rag1 ] mice were obtained from the Jackson Laboratory. The institutional animal care committee approved these studies.
T-Cell Transfers. T cells were first activated in vitro before i.v. injection (25) . BDC splenocytes were cultured with a mimotope peptide (1 μM) and 3A9 and B10.BR splenocytes in 100 nM HEL or Con A (2 μg/mL) (Sigma-Aldrich), respectively. CD4 T cells were isolated by negative selection using MACS Cell Separation Columns (Miltenyi Biotec). Mice received a dose of 1-2 × 10 7 T cells administered i.v. IP-HEL, B10.BR, NOD, and NOD.ICAM-1 −/− mice received a sublethal dose of irradiation (6.5 Gy) before T-cell injection. In some experiments, CD4 T cells were labeled with Vybrant CFDA SE, CellTracker Red CMTPX, or CellTracker Blue CMAC (Invitrogen). Diabetes incidence was followed as previously described (25) . Islet Isolation and Handling. Islet isolation, staining for immunofluorescence analysis by standard microscopy with epiillumination, and confocal and twophoton microscopy were performed as previously described (13, 14) . Infiltrating T cells were detected by means of their clonotype-specific mAb, anti-CD4 mAb, Vybrant CFDA SE, CellTracker Red CMTPX, or CellTracker Blue CMAC (Invitrogen). A summary of antibodies is listed in Table S4 .
Statistical Analysis. The Mann-Whitney U test was used to determine the level of significant differences between samples and was plotted using GraphPad Prism 5 (GraphPad Software, Inc.). The following P values were detected: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05, and P ≥ 0.05 (not significant). Median numbers of T cells per infiltrated islets in all experiments were obtained by including only islets containing infiltrating T cells.
